Background and Aims Root diameter, especially apical diameter, plays an important role in root development and function. The variation in diameter between roots, and along roots, affects root structure and thus the root system's overall foraging performance. However, the effect of diameter variation on root elongation, branching and topological connections has not been examined systematically in a population of high-order roots, nor along the roots, especially for mature plants grown in the field.
INTRODUCTION
Root elongation and branching are iterative processes in root development (Malamy and Benfey, 1997; Nibau et al., 2008; Atkinson et al., 2014) . Variations in the attributes of elongation and branching create morphological differences in the lengths, numbers and diameters of different-order roots within the root system (Fitter, 1987; Gruber et al., 2013) .
To understand the resulting root-system architecture, records of root diameters -especially of their younger parts (the tip or apical diameters) -is a key trait for several reasons. From an economic point of view, root diameter relates directly to the investment by a plant of biomass in its roots (Eissenstat, 1992) , because, to a first approximation, the biomass of a given length of root varies with the square of its diameter. Therefore, for a given investment of carbohydrate, root diameter affects the possible lengths Â numbers of the roots in the system (Bidel et al., 2000) . As expected, many plant species have root system architectures with a majority of very fine roots. These tend to optimize the ratio of root length (and hence root surface area for uptake) to root weight (investment). However, decreased root diameter limits root penetration through the soil (Materechera et al., 1992; Clark et al., 2008) , and roots must also develop internal structures dedicated to water and nutrient transport (Jordan et al., 1993; Jaramillo et al., 2013) . From a developmental point of view, apical diameter reflects the size of the apical meristem. In many species, a positive relationship has been found between the size of the root meristem (and hence apical diameter) and several important developmental characteristics, including: elongation rate (Cahn et al., 1989; Thaler and Pagès, 1996a) , growth duration (Cahn et al., 1989; Pregitzer et al., 1993; Pagès, 1995; Wells and Eissenstat, 2001) and gravitropism (Oyanagi et al., 1993; Abe and Morita, 1994; Singh et al., 2011) .
There are several other allometric relationships within a root system that affect its function. The range of variation of root diameter within a root system is also variable (Pagès, 1995; Thaler and Pagès, 1996a; and this can be of prime importance for foraging performance, as shown by Pagès (2011) . A root system is also a sap-conducting network, sometimes with a high number of branching orders (e.g. up to four, or even five) . Hydraulic and nutritional constraints may also influence root diameter and the relative arrangement of anatomical characteristics (North and Nobel, 1991; Steudle, 2000; Fan et al., 2003; Saengwilai et al., 2014; Lynch et al., 2014) and hence the topological relationships between diameters. Thus, the precise relationship between diameter and elongation attributes on the one hand and the topological connections of roots of different diameter on the other are important questions we seek to address for field-grown maize plants.
Most work on the developmental consequences of root diameter on root growth has assumed (often implicitly) that root diameter at emergence (basal diameter) remains constant throughout root development (Hackett, 1969; Cahn et al., 1989) . However, this simplistic view is worth further examination. Several authors have recently shown that root apical diameter can fluctuate during elongation or is not uniform along some roots (Pagès, 1995; Thaler and Pagès, 1996a; . This possibility would offer additional degrees of freedom for root growth. With some species, temporal variations in assimilate availability have been shown to synchronize with root diameter variations (Thaler and Pagès, 1996a, b) and hence can introduce multiple patterns of elongation (Thaler and Pagès, 1996a) . This factor will make developmental models more complicated, but also more adaptive, as root diameter can readjust during root elongation. Nevertheless, the generality of some of these findings is worth assessing with other species and should also be evaluated under field conditions. It should be recalled that time variations in root diameter were first recorded by monitoring the apical diameter of individual roots through observation windows (Pagès, 1995; Thaler and Pagès, 1996a) . While this method gives direct access to the dynamics of root diameter, it is very constraining and requires special equipment, rendering measurement under more natural soil conditions impossible. In monocotyledonous species, where no secondary root growth modifies root diameter, it is possible to substitute time-monitoring of diameter by a study of the longitudinal profile of root diameter along an excavated root. This method should be applied promptly to carefully excavated roots before any degradation of diameter occurs due to senescence following injury.
Branching density is also an important component of rootsystem architecture, and it is possible that this could be related to root diameter (Draye, 2002; Lecompte and Pagès, 2007; Bécel et al., 2012) . However, the branching/root diameter relationship remains uncertain, with contradictory results even in the same species (Draye, 2002; Lecompte and Pagès, 2007) . It remains difficult to determine from the literature the extent to which these differences are due to species diversity, and that to which they are due to environmental diversity. Because of longitudinal variations in both root diameter and branching density (Lecompte et al., 2005) , to further elucidate this important new aspect of root development, it is proposed to consider these relationships at the scale of the root segment, instead of at that of the whole root, as is more usual (Draye, 2002; Lecompte and Pagès, 2007; Bécel et al., 2012) . Thus, our study relies on analysis of large numbers of roots and of several orders of branching in field-grown maize plants. We also use two genotypes in the same season, and one genotype over two seasons, to better assess the generality of our results. The plants were very carefully excavated with a custom device described in a preceding paper . The main objectives were to characterize: (1) the distribution of root diameters within the system, by studying diameter relationships through branch points (lateral diameter versus parents diameter) and longitudinal diameter variation along individual roots; (2) the relationship between root diameter and total root length, considering both the basal (initial) diameter and possible longitudinal variation; and (3) the relationship between diameter and branching density at the local, root-segment, scale, to test for the existence of a positive relationship, or a distinct distribution of branching density along roots. Specifically, we tested the hypothesis that the final length of a lateral root (LR) was associated with the size of the basal root and the extent of diameter change along the root.
MATERIALS AND METHODS

Field experiments
Field experiments were carried out at the Shangzhuang Experimental Station, China Agricultural University, Beijing, China (40 8 0 N, 116 10 0 E). The soil type is an aquic cambisol with a sandy clay loam texture (FAO). Two maize hybrids (Zea mays L.), 'ND108' and 'ZD958', were used. 'ND108' and ZD958 successively had the largest planting acreage as a commercial hybrid in China in recent years. In 2009, both hybrids were sown on 8 May. In 2011, only 'ZD958' was used and it was sown on 15 May. Plant density was 5Á8 plants m À2 with inter-row and intra-row spacing of 60 and 30 cm, respectively (each block 16 Â 6Á5 m, east-west Â north-south). The experimental design was a randomized block, with two block replications. To avoid the potential effect of returned cut straw on root growth, the straw was removed from the field after harvest in the previous years. Fifteen days before sowing, flooding irrigation was applied.
Based on local practice for maize, a base fertilizer of 120 kg P 2 O 5 ha À1 (superphosphate) and 100 kg K 2 O ha À1 (potassium sulphate) was spread before sowing. This was incorporated into the upper 0-15 cm of the soil by a mouldboard plough and rotary tiller. A total of 120 kg N ha À1 was applied to both cultivars; 30 % of total N as urea was spread as a topdressing at the four-leaf stage with 5 mm irrigation using a microspray belt, and 70 % of total N as urea was spread at the 11-leaf stage. Weeds were removed by hand to avoid herbicide influence on crop growth.
Root sampling in the field
The root systems of individual maize plants were sampled at the grain-filling stage. Plant screening was conducted before sampling. Each sampled plant was selected from a group of nine plants (3 rows Â 3 plants in the row). Row and plant spacing between neighbouring plants in each group should be in the range 58-62 and 28-32 cm, respectively. The plants in each group were of similar height, ear height and basal internode thickness. The root system sampled was that of the plant situated in the centre of the group.
In 2009, four root systems of 'ZD958' (Z09) and 'ND108' (N09) were sampled 24 and 27 d after silking, respectively. To sample the roots, the shoot was first cut off. Next, a custom 'sector sampler' was made up, comprising two demountable parts. First, a sheet of 4-mm mild steel (70 Â 50 cm) was folded across its long axis to create a 'V' blade with central angle of 120 , and sides 35 cm wide (radius) and 50 cm high (depth). To this 'V' was wired, with 3-mm soft-iron wire, an outer panel made up of a sheet of 5-mm mild steel (105 Â 50 cm) curved to form a smooth arc which just touched the edges of the 'V' blade at right angles. The two components included flanges welded along their abutting edges to assist assembly. The sector sampler was placed on the soil surface with its long axis vertical, and aligned such that its apex just included the maize stump (with a gap of about 5 cm). Root samples of the selected plants were collected in the inter-row and inner-row directions, respectively. The sector sampler was then hammered into the soil using a horizontal wooden block and a sledge hammer. The surrounding soil was progressively excavated to facilitate insertion. When the sampler had been driven to its full depth (approx. 50 cm), and the surrounding soil was fully excavated, two steel ropes were attached to welded lugs on the sampler and it and the wedge-shaped monolith of soil it contained were carefully lifted out. Next, the tangential steel sheets were removed and replaced by a coarse steel-wire mesh (10 Â 10 mm) to minimize root breakage during subsequent washing out of the soil monolith, using fine water jets. After washing, the soilfree root system sector was stored in a cool room at 3 C. Because of the shape and size of the sector sampler, it was inevitable that some nodal roots intersected the angled sides and so these were cut. Hence, there was a limited number of intact nodal roots in each monolith.
In 2011, three root systems of 'ZD958' (Z11) were sampled 19 d after silking. To increase the efficiency of root sampling, and to obtain a more complete root system, a new sampling system was developed . The new system used a mild steel tube (4 mm thickness; 50 cm diameter, 55 cm high) made up of two demountable half-tubes, bolted together. The sampling tube was placed on the soil surface, coaxially with the maize stump and a cross-bearing was attached to the top. An electric hammer was then used to force the sampling cylinder into the soil to the desired depth (approx. 50 cm). The sampling tube together with its cylindrical soil monolith was then lifted from the soil using a chain block linked to a steel portal frame. The two half-tubes were then removed and the soil monolith was washed out using fine water jets. To minimize root breakage, a steel tube (50 cm diameter, 10 cm high) made up of two demountable half-tubes was fastened around the base of the root core, and the angles and pressures of the jets were optimized. Detailed information of the root sampling system are given in .
Root separation and scanning
Only two root systems were analysed after a simple visual comparison of the root shape among the three root systems.
Each nodal root dissected from the sampled root system was stored in a separate plastic box. There were up to seven whorls of nodal roots in each root system. Only nodal roots arising from the 4th to the 7th nodal-root whorls were comparatively intact and suitable for measurement. Nodal roots from each of the whorls were then grouped according to their visual similarity (i.e. the diameter and length of their axile roots, the length of the unbranched zones, the numbers and lengths of the firstorder LRs). The representative nodal roots in each group were selected for further analysis.
The branching zone of the axile root of each of the selected nodal roots was cut into 5-cm sections. Three different scanning strategies were applied according to the complexity of the axile branching sections. For sections of low complexity, the axile branching section was scanned directly including its LRs. For sections of medium complexity, the first-order LRs were cut from the axile root and then scanned together. For sections of high complexity, the first-order LRs were first cut from the axile root and then each LR was cut into a number of parts. After these processes, LRs were spread out by hand before scanning to minimize root overlap. All roots were scanned with a flatbed scanner (i800 Plus, Microtek, Shanghai, China) at a resolution of 400 d.p.i.
Image and data processing
A WinRHIZO Pro 2009b (Régent Instruments Inc., Québec City, Canada) image-analysis system was used to analyse the scanned root images. Noise in the original images was removed using the erasing tool of the software. Pale roots not recognized by the software were emphasized using the filling tool. Incorrect topological connections were also identified and rectified. The developmental segment-ordering system (Berntson, 1997) was used to record root topology. A 'link', being defined as a linear (unbranched) portion of a root section bounded at each end either by another root section or by a root tip, was regarded as the basic unit for measurement using the WinRHIZO software. Contiguous groups of links of the same order were treated as an axis (Berntson, 1997) . The software organizes the geometry (length and diameter) and topological connection (branching order, axis sequence, link sequence on current axis, its mother axis sequence) of individual links. An LR unit (LRU), a first-order LR with higher-order LRs, was used as a unit to group data derived from the same first-order LR.
Corresponding to the three different root-scanning strategies, corresponding strategies were applied for analysing the images using WinRHIZO. For an axile section with low complexity, the entire axile root section was selected and marked. For an axile section of medium complexity, each first-order root was selected and marked with sequential numbers. For an LRU of high complexity, the successive parts of each cut first-order LR were marked with sequential numbers. After analysis of a scanned image, the data were output to a text file by the software. A script based on the Visual Basic Application (VBA) language embedded in Microsoft Excel was used to batch the files to extract the topological connections and geometrical data of individual LRUs . For an LRU of high complexity, which had been cut into pieces for scanning, these pieces were sequentially merged to reconstitute the complete LRU by the script. Finally, the script exported a file containing comma-separated values for individual nodal roots. Detailed information on the script can be found in .
Calculations
A total of 25 nodal roots of N09, 19 of Z09 and 28 of Z11 were scanned. Altogether, there were 22 880 first-order, 144 624 second-order, 25 650 third-order and 1941 fourth-order LRs. Each LR was divided into 1-mm-long segments using linear interpolation, and the diameter of each was equal to the diameter of its link. Basal diameters of first-order LRs were referred to the diameters of the basal root segment with length being at most 0Á5 cm long, and the length of the basal segment for higher-order LRs was 0Á1 cm (Fig. 1) . The R software (R Development Core Team, 2014) was used for data analysis in which the ggplot2 package (http://ggplot2.org/) was used for data visualization.
RESULTS
Variation of diameters and topological connections of diameters within the root system
Median basal diameter decreased with increasing branching order. The exception to this was for fourth-order LRs of N09 (Fig. 2) . The median basal diameters of the first-order LRs were substantially greater than of the second-order LRs, while the differences in median basal diameter among the other-order LRs were much smaller. The variations in diameter also decreased with increasing branching order. This effect was still distinguishable at a logarithmic scale. However, the diameter variations did not differ very much for the two cultivars in the same season (Z09 and N09) nor for the same cultivar in the two different seasons (Z09 and Z11).
In Fig. 3 we present the relationship between the median diameter of the LRs and the diameter of the bearing segment, for the three treatment combinations separately, and also pooling all root orders. The correlations were highly significant but lower for cultivar N (R 2 ¼ 0Á26 for N09) than for cultivar Z (R 2 ¼ 0Á4 for Z09 and R 2 ¼ 0Á45 for Z11). Both the intercepts and the slopes were not significantly different for the three treatment combinations. The position of the points depended on the root order, especially those for the first-order laterals, which tended to be above the common regression lines. For this reason, we re-analysed the relationship for distinct root orders, mixing the three treatment combinations. These correlations were significant but were high only for the axile-bearing segments (R 2 ¼ 0Á35 for the axile roots and R 2 < 0Á1 for the second-and third-order LRs). Thus, a simple linear regression did not satisfactorily describe the relationship due to the large variation of daughter root diameter for a given diameter class. Instead, we calculated and plotted quantiles of the median basal diameter of the daughter roots based on its bearing diameter classes (Fig. 3B) . The highest curve (the 99 % quantile) defined the potential median basal diameter of the daughter roots for a given bearing diameter. With increasing bearing root diameter, the increase in the potential diameter of daughter roots was steeper than for the median diameter. For similar bearing diameter ranges, lower-order roots tended to give daughter roots with larger potential basal diameters.
Relationships between diameter and final individual root length
Root length tended to increase with basal diameter (Fig. 4) . The correlations between these variables were significant for all treatment combinations (P < 0Á0001), and the coefficients of determination (R 2 ) were always greater than 0Á39. The variation of the intercepts (À0Á46 to À0Á86 mm) and slopes (83 to 96) of the regression lines of the three treatment combinations were small. As the length variations were high for each diameter class, we calculated and plotted quantiles of length for diameter classes (Fig. 4) . The curves joining these quantiles increased, particularly in the range 0-0Á9 mm, and then stabilized to a plateau from 25 to 35 cm (Fig. 4A) . The higher curves (the 95 and 99 % quantiles) defined a potential length for a given diameter. As the regression lines and the variations of the quantile curves were similar for the three treatment combinations, the data for the three treatment combinations were pooled and examined for distinct orders (Fig. 4B) . Within the same basal diameter range, roots of lower order had greater root lengths. However, with increasing basal diameter, the increased rate in potential length was lower for roots with larger diameter, above 0Á6 mm (Fig. 4A) .
We observed that diameter varied along the first-order LRs ( Supporting Information, Fig. S1 ). Therefore, we made a more systematic examination of the diameter change pattern of firstorder LRs for different classes of length and basal diameter (Fig. 5) . For a large majority of roots, the diameter decreased from the proximal to the distal end. It is also clear that variations of basal diameter were much larger than those of distal diameter. Distal diameter remained in the range 0Á25-0Á55 mm for the median values. For the same length class, roots with a greater basal diameter showed a steeper diameter decrease. This indicates that, for a given length class, diameter change is related to basal diameter. Moreover, for each basal diameter class, this decrease was steeper for short roots. Conversely, the long roots tended to maintain their larger diameters better. Root diameter even increased in intermediate position for roots in the small diameter class (0Á01-0Á4 mm) but having greater length (15-20 cm). Hence, the pattern of diameter change along the roots was related to basal diameter and length and the diameter decrease rate was related to the final length.
To understand this trend from a more synthetic view, we plotted the distance to the potential length (95 % quantile) versus the diameter change rate for each basal diameter class (Fig. 6) . The distance to the potential length is calculated for individual roots as the potential length minus the observed length. The diameter change rate is calculated as the difference between the distal diameter and the basal diameter, divided by the length. First-order roots greater than 5 cm were included, irrespective of their classification based on length and basal diameter. The left-hand side of Fig. 6 confirms the phenomenon shown in Fig. 5 -i .e. the lower the rate of diameter decrease, the closer a root is to its potential length (for its basal diameter class). In contrast, the right-hand side does not show an obvious trend. The lower, right-hand part of the figure shows roots that increased their diameters and reached lengths higher than expected, while the upper right-hand part shows roots that increased their diameters but whose lengths were very different from their potential lengths. We hypothesize that the roots in the upper right-hand part may have encountered a volume of compacted soil (having low penetrability), as their growth stopped and their apical diameters increased (Fig. S2) . Some of these roots have also produced thick LRs (Fig. S2) .
The relationships between diameter and branching density at the root segment scale
The relationships between the number of daughter roots and diameters of their bearing root segments are presented in Fig. 7 . Correlations were significant (P < 0Á0001) for the three treatment combinations, but the coefficients of determination were low (R 2 < 0Á16). Again, we used the curves joining the quantiles to help interpret these loose relationships (Fig. 7) . Branching density increased with bearing root segment diameter, especially for low values of segment diameter, i.e. below 0Á5 mm (Fig. 7A) . Above this value, the increase was null or moderate. The potential branching density (represented by the 95 and 99 % quantiles) was reached for intermediate diameter roots. Branching density was also analysed by branching order (Fig. 7B ). According to these graphs, branching density was dependent on branching order. Branching density was higher for lower-order bearing roots of the same diameter range. The plateau was reached by thicker bearing roots (1 mm for axile roots, 0Á5 mm for first-order LRs and 0Á3 mm for second-order LRs).
We further analysed the pattern of variation in branching density as it relates to the categories of length and basal diameter (Fig. 8) . In the small-diameter class (0Á01-0Á4 mm), branching density did not vary consistently along the roots whatever their length. However, for larger-diameter classes, branching density increased from the base and reached its highest values at intermediate positions. The thicker and longer the root, the stronger was this trend. In both Fig. 7 and Fig. 8 , the relationship between diameter and branching density was distorted by the location of this segment along the root. Indeed, thick segments near the proximal part of the root did not branch as densely. This 'position' effect partly explains the loose relationship between branching density and the diameter of the bearing segment.
DISCUSSION
In this study, we applied a custom root sampling method and a combined image processing procedure and data analysis program to study root diameter and branching at the root segment scale in mature, field-grown maize plants. This combined method allows very detailed examination of the geometry and topology of the root systems of mature, field-grown plants, such as maize. A simple scheme was used to illustrate the common structure of roots having increasing basal diameter (Fig. 9) . Roots with larger basal diameters tended to grow longer, and to have more branches of larger basal diameters and greater lengths. In spite of large variations in their basal diameters, their distal diameters did not vary very much. However, some distinct branching patterns did occur. In this study, we found that first-order LRs with similar basal diameters had multiple patterns of diameter change, resulting in different root lengths. Basal diameter further determined the extent of diameter change. Specifically, for roots having the same length classification, those having larger basal diameters showed a greater rate of diameter decrease along the roots; meanwhile for roots having the same diameter classification, those having longer roots show a smaller rate of diameter decrease (Fig. 5) . The variation of the diameter of root segments thus affected the basal diameter and the number of daughter roots (Figs 3 and 7) . The relationships between diameter, length and branching density and their hierarchical connections are discussed below. The positive correlation between daughter root diameter and mother root diameter has been already noted and quantified for several species (Bouma et al., 2001; Lecompte et al., 2005; Bécel et al., 2012; Pagès et al., 2013 Pagès et al., , 2014 . However, in these studies the sampling methods and definitions of daughter root and bearing root diameter were mostly different from those used here. The earlier studies normally linked the median apical diameter of the daughter roots in a whole or a distal bearing root to the apical or average diameter of the bearing root for various dicotyledonous and monocotyledonous species (Lecompte et al., 2005; Bécel et al., 2012; Pagès et al., 2013 Pagès et al., , 2014 . To account for the change in diameter along the bearing roots, which were not considered in previous studies, we linked the median basal diameters of daughter roots in successive bearing root segments to the diameters of these segments for axile roots and higher-order LRs (Fig. 3A) . The relationship between daughter root diameter and mother root diameter shows that a significant part of the variation of basal diameter can be explained by the diameter of the bearing segment. The distribution of the diameters of daughter roots in each diameter class of bearing roots was simply described using quantile curves with different probability values (Fig. 3B) . Thicker bearing root segments had larger variations in the diameters of daughter roots. This may indicate that the daughter roots of a thick bearing root segment have a greater capacity to respond to the local soil environment, or to the overall condition of the plant. This capacity is important if plants are to expand and refine their exploration of the soil. Thus, roots with large basal diameters will have a greater capacity both to grow longer (to reach more distant resources) (Fig. 4) and to generate more abundant and higher-order branches (to increase soil contact area) (Figs 3 and 7). The converse is also true. Small root basal diameter allows the effective uptake of local resources and will minimize the investment needed to build and maintain the root system, to allow other parts of the root system to exploit the soil's external resources (water, minerals, etc.) more effectively. The relationship between basal diameter and final root length of different-order roots indicates that only roots with large basal diameters have a chance to become long (Fig. 4) . This relationship has been confirmed and refined in earlier studies with maize, on correlations between root apical diameter and growth rate and growth duration (Cahn et al., 1989) . In our study, however, we observed very large variations in root length (especially for thick roots) which were not considered by Cahn et al. (1989) , and most roots do not reach their potential length. Several previous studies have recorded temporal variations in apical diameter (Pagès, 1995; Thaler and Pagès, 1996a, b; Lecompte et al., 2001) . These found that apical diameter was not a fixed attribute of the root and could vary in parallel with growth rate during the elongation of an individual root. Such fluctuations in apical diameter and growth rate were related to variations in assimilate availability (Pagès, 1995; Thaler and Pagès, 1996a, b; Lecompte et al., 2001) . Monocot roots do not grow radially, so the time variation of apical diameter is represented in a root's proximal-distal diameter profile. Of course local variations in soil factors, such as penetrability, will also influence this pattern of longitudinal diameter (Bécel et al., 2012). According to the diameter profile of first-order LRs with various basal diameter (0-2 mm) (Fig. 5) , we found most roots decreased in diameter, while others increased, and then decreased in diameter. This phenomenon has also been observed in dicot seedlings (e.g. in oak and rubber trees) for roots with a small basal diameter range (0Á4-0Á8 mm) (Pagès, 1995; Thaler and Pagès, 1996a) . We found that the structured diameter change along a root also induced length variation (Figs 5 and 6). For a given basal diameter, those roots which become long were also able somehow to maintain their diameters. This property was similar to that observed in tree seedlings (Pagès, 1995) . Nevertheless, increasing apical diameter did not always result in increased root length, as soil physical characteristics can induce increases in diameter for distal parts of roots while, at the same time, hindering their elongation (Fig. S2 ). This phenomenon has been observed previously (Atwell, 1993; Croser et al., 2000; Bengough et al., 2006) . Basal diameter did not only affect final root length (Fig. 4) nor the longitudinal pattern of diameter variation (Fig. 5) . For a given length, roots having larger basal diameters had steeper longitudinal diameter decreases. Morphologically, both the basal diameter and the pattern of diameter change determined final root length. In addition to the effects of root diameter, several external factors have also been shown to affect root growth rate and root growth duration, and thus final root length. These external factors include soil temperature (Tardieu and Pellerin, 1991; Nagel et al., 2009) , soil penetrability (Bécel et al., 2012) , global nutrient availability and nutrient patchiness (Yu et al., 2015) . In spite of the large variation in basal diameter and the discernible pattern of diameter change among first-order LRs, distal diameter was much less variable. This seems to imply the existence of a minimum threshold for distal diameter.
There were large variations in branching density, especially along the axile roots. The highest branching density along axile root segments was almost 45 cm À1 in the 5-cm segments (Fig. 7) . This is higher than observed in field-grown maize (35 cm À1 in 2-cm segments) (Pagès and Pellerin, 1994) , in potgrown maize seedlings (30 cm À1 in 5-cm segments) (Varney et al., 1991) and in banana (20 cm À1 in 2-cm segments) (Lecompte and Pagès, 2007) . The highest branching density of our first-order LR segments was 24 cm À1 (Fig. 7 ). This is not very different from the highest values of 23 cm À1 in banana (Lecompte and Pagès, 2007) . Contrasting with the consensus view that a positive relationship exists between daughter-root diameter and bearing-root diameter, there are contradictory understandings of the relationship between branching density and bearing-root diameter. Bécel et al. (2012) observed decreases in branching density with decreasing mean bearing-root diameter in peach. Lecompte and Pagès (2007) also found in banana that first-order LRs of smaller diameters tended to have higher branching densities than axile roots of larger diameter. For banana, Draye (2002) also observed for axile roots that branching density increased with increasing apical diameter. These different relationships observed in banana may be attributed to the different elongation rate among root orders, which can cause differences in daughter-root spacing along the protoxylembased files and also variation in the number of protoxylem poles (Draye, 2002; Lecompte and Pagès, 2007) . The decrease in branching density along nodal roots has been observed in field-grown maize (Pagès and Pellerin, 1994) . As diameter decreases along a nodal root, it can be inferred that branching density decreases with decreasing root diameter. In our study, we divided the bearing root into successive segments so the variation in branching density in different parts of a bearing root could be recorded. We observed that branching density increased with bearing root segment diameter for all root orders. The relationship was relatively tight for axile roots, although an early plateau was reached by axile root segments of intermediate diameters (Fig. 7) . Most researchers have measured branching density in young plants (Varney et al., 1991; Lecompte et al., 2005; Ito et al., 2006) while our study considers the nodal roots of high whorls on mature plants. It has already been shown that diameter decrease is much steeper on nodal roots originating from the higher whorls . The proximity to the root base, and hence the (presumably) abundant carbohydrate supply from the shoot, may enable the large, basal axile root segments to burst more daughter roots, these still mostly having large basal diameters. The phenomenon that axile root segments generally have greater numbers of daughter roots, with large basal diameters, does not fit with the idea of a trade-off between the numbers and diameters of daughter roots of young seedlings (Lecompte et al., 2005; Pagès, 2014) . The contrary observation of these authors may relate to a limitation of assimilate supply from the small above-ground shoots of their plants. Hence, the axile roots, emerging at different stages of growth, could well have different branching characteristics.
Compared with axile roots, the branching density along LRs has received generally less attention (Lecompte et al., 2005; Ito et al., 2006; Gaudin et al., 2011; Gruber et al., 2013) . The structured profile of branching density along first-order LRs is a new finding (Fig. 8) . Although the potential branching density of root segments of maize may usually be related to their diameter, the largest number of daughter roots was often found in intermediate positions and with roots of intermediate diameter. This was especially true for the thick, first-order LRs. The diameter normally decreases sharply in the proximal part, while the protoxylem poles decrease at a moderate rate (Draye, 2002) . The longitudinal spacing of daughter roots within protoxylem-based files was found to be positively correlated with apical diameter (Draye, 2002) . The decrease in protoxylem poles may cause the decrease in branching density, while the decrease in longitudinal spacing within protoxylem-based files may cause an increase in branching density (Draye, 2002) . When the decrease in the longitudinal spacing within protoxylem-based files exceeds the decrease in protoxylem poles, it will probably result in an increase in branching density with apical diameter decrease. Hence, the highest branching density can often be found in the middle and/or proximal part of a root. With increasing distance to the root base (also to the assimilate source), the assimilate supply from the aboveground shoot may not satisfy the demand for increasing branching density, induced by the progressive reductions in both apical diameter and elongation rate. Thus, branching density tends to decrease in the distal part of the root. The variation in branching density can also be attributed to soil factors, such as to gradients in soil bulk density (Konôpka et al., 2009) , in soil moisture (Johnson and Aguirre, 1991; Ito et al., 2006) , in soil temperature (Sattelmacher et al., 1990) and in soil nutrients (Gruber et al., 2013) , including as roots traverse nutrient patches (Hodge, 2004; Yu et al., 2014) . However, as these first-order LRs are located at different positions along the nodal roots, and the nodal roots from higher whorls exhibit steeper root angles, so that they penetrate the soil more vertically, the first-order LRs will experience a diversity of local soil environments, so being more likely to be affected by a range of soil factors. In spite of the effects of these factors, the profile of branching density on the first-order LRs is relatively stable. Hence, the profile of branching density on firstorder LRs is determined by both their basal diameter and their elongation and may be an inherent feature of maize plants. Detailed root traits have been extracted mostly for seedling root systems, using recently developed automated/semi-automated methods in two or three dimensions (Iyer-Pascuzzi et al., 2010; Clark et al., 2011 Clark et al., , 2012 Mairhofer et al., 2012; Nagel et al., 2012; Tracy et al., 2012) . These results, combined with root function studies, facilitate the parameterization of root architectural models used to simulate the whole root systems of young plants. In contrast, these detailed results on adult root architecture, especially of plants grown in the field, are still largely lacking (Fiorani and Schurr, 2013) . The most detailed measurements of mature root systems in the field were the trajectories of axile roots in two/three dimensions (Tardieu and Pellerin, 1990; . The diameters along the axile roots were also measured with the trajectory . In contrast, information on root branching was particularly lacking, even for the branching of axile roots (Pagès and Pellerin, 1994; Pagès, 2014; . In this research, we started from an analysis of the branching of first-order LRs of field-grown maize plants, including their diameter variations. Root diameter is an indispensable morphological parameter in a root architectural model (Dunbabin et al., 2013) . To simplify computation in most root models, LR diameter has usually been assumed to be constant for young plants, as the diameters of fine LRs do not vary greatly (Fig. 5) . For simulations of adult root systems, the diameter variation along axile roots and along first-order LRs cannot be ignored (Pagès, 1995; Thaler and Pagès, 1996a; as this diameter variation correlates strongly with anatomical features, the diameters and numbers of the daughter laterals ( Fig. 3 and Fig. 7) , and thus their life spans and functions in resource absorption. The relationships of branching characteristics obtained in this research did not exclude the effects of external factors on branching, such as the availability of N and P (Postma et al., 2014) , nutrient patchiness (Yu et al., 2015) and soil penetrability (Bécel et al., 2012) , as large variations in branching density did, indeed, exist among roots even in the same groupings (Fig. 8) . In spite of this, the general branching patterns should be a primary guide for obtaining root morphological parameters for root models used to simulate large root systems.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Fig. S1 : Diameter change along a small sample of first-order LRs for different classes of length and basal diameter. Fig. S2 : Roots that may have encountered an obstruction (e.g. a volume of low-penetrability soil) have increased their apical diameters and produced thicker LRs.
